Abstract Interception of aquifers by tunnel excavation results in water inflow and leads to drawdown of the water table which may induce ground settlement. In this work, analytical and numerical models are presented which specifically address these groundwater related processes in tunnel excavation. These developed models are compared and their performance as predictive tools is evaluated. Firstly, the water inflow in deep tunnels is treated. It is shown that introducing a reduction factor accounting for the effect of effective stress on hydrodynamic parameters avoids overestimation. This effect can be considered in numerical models using effective stress-dependent parameters. Then, quantification of ground settlement is addressed by a transient analytical solution. These solutions are then successfully applied to the data obtained during the excavation of the La Praz exploratory tunnel in the Western Alps (France), validating their usefulness as predictive tools.
Abstract Interception of aquifers by tunnel excavation results in water inflow and leads to drawdown of the water table which may induce ground settlement. In this work, analytical and numerical models are presented which specifically address these groundwater related processes in tunnel excavation. These developed models are compared and their performance as predictive tools is evaluated. Firstly, the water inflow in deep tunnels is treated. It is shown that introducing a reduction factor accounting for the effect of effective stress on hydrodynamic parameters avoids overestimation. This effect can be considered in numerical models using effective stress-dependent parameters. Then, quantification of ground settlement is addressed by a transient analytical solution. These solutions are then successfully applied to the data obtained during the excavation of the La Praz exploratory tunnel in the Western Alps (France), validating their usefulness as predictive tools.
Keywords Tunnel excavation Á Flow rate Á Ground settlement Á Effective stress Á Analytical and numerical modelling Á La Praz Tunnel excavation modifies the natural hydrodynamic behaviour of groundwater systems. Under saturated conditions, tunnels behave as drainage structures causing drawdown of the water table. Depending on rock hydraulic conductivity, this may result in high flow rates into the underground excavation coupled with decreasing water pressures. Water inflow is a major cause which negatively affects tunnel progression, particularly when underestimated in the design phase. An example for this is shown in Fig. 1 , where the cumulated tunnel discharge rate and excavation progression are presented as a function of time as well as the encountered geology. From 340 to 380 m the geology indicates a permeable sector of cargneules, mylonitic marbles and faults correlating with the first water inflow and the slowing down of excavation progression (Perrochet and Dematteis 2007) . The highest water inflow occurred at the end of the permeable sector before the excavation speed increased again. From this point onward the cumulated tunnel discharge rate can no longer be directly correlated For a detailed description of this case see Perrochet and Dematteis (2007) with the excavation speed since the major part of water inflow occurs along an already excavated tunnel section. Another issue of concern related to tunnel drainage are decreasing water pressures (water table decline) which may result in (1) the drying up of springs, and (2) ground settlement (aquifer consolidation) due to increased effective stress (Lombardi 1988; Zangerl et al. 2003; Perrochet 2005a, b; Perrochet and Dematteis 2007; Gargini et al. 2008) .
As opposed to existing empirical approaches (Heuer 1995) , two principal quantitative methods are used for the prediction of both discharge rates drained by the tunnel and drawdown. One method is based on numerical simulation (Anagnostou 1995; Molinero et al. 2002; Zangerl et al. 2003) , while the other one is an analytical analysis (Goodman et al. 1965; Chisyaki 1984; El Tani 2003; Perrochet 2005a, b; Perrochet and Dematteis 2007) .
Numerical simulations allow a detailed evaluation of the 3D evolution of the groundwater table with tunnel progression, but are computationally demanding and time consuming. Hence, in practice, hydrogeologists prefer analytical solutions for preliminary predictions and parametric sensitivity studies (Perrochet and Dematteis 2007) . However, this latter approach is limited to specific flow configurations and boundary conditions, and requires significant hydrogeological simplifications. Moreover, the effect of effective stresses on parameters is neglected, which implies an overestimation of the flow rate drained by the underground excavation, especially for deep tunnels.
In non karstic alpine systems, as described by Bordet (1971), a tunnel excavated in fractured rock masses will first pass through a shallow and post-glacial decompression fractured slope with significant steady water inflow. Then, it will reach a deeper zone where steady water inflow is reduced by the increase of effective stress (closure of fractures) (Louis 1969) , and by the decrease of fracture occurrence (Boutt et al. 2010) . In both zones, but especially in the deeper zone, a tunnel intersecting a permeable saturated formation, will lead to a water inflow peak caused by a high initial hydraulic head, followed by a decreasing transient state.
The discharge rate and drawdown in the shallow zone after excavation will eventually become a function of the recharge regime (Gargini et al. 2008) , as shown in Fig. 2 (sector 1). However, in the deep zone water inflow will either drop and reach steady state, if connected to a recharge body at the surface (such as a lake or a superficial quaternary aquifer), or will rapidly run dry, if not showing the main hydrogeological situations encountered during tunnel excavation into a typical alpine environment. Sector 1 is a shallow aquifer, after the initial transient depressurisation caused by tunnel excavation the discharge rate Q(t) and the water table drawdown s(t) become a function of recharge (rain and snow melt). Sector 3 is situated in the deep zone and is isolated from superficial recharge. The tunnel construction empties the system after strong initial water inflow, leading to complete water table decline and significant ground settlement DV z ðtÞ: In sector 5, the presence of a lake at the surface provides substantial recharge rates that reduce aquifer depressurisation. Steady state water inflow will depend on the rock mass permeability and depth. Sectors 2, 4 and 6 are impervious (color figure online)
Modelling Discharge Rates and Ground Settlement 871 connected to a recharge zone. In the latter case, significant ground settlement may be observed on the surface due to the total water table decline (Lombardi 1988; Zangerl et al. 2003; Masset and Loew 2010; Preisig et al. 2012a ). Due to the tunnel depth, it is very unlikely that a fluctuation of recharge on the surface will affect the inflow rate. Figure 2 represents a conceptual model of a tunnel excavated in an alpine environment, illustrating the different situations described above.
The main aim of this work is to introduce a coupling of analytical solutions, pre-existing and newly developed ones, based on the conceptual model in Fig. 2 , able to solve the drawdown, the drained discharge rate and the ground settlement caused by tunnel excavation, and to compare them with numerical methods. The impact of effective stress on discharge rates has been analysed by analytical and numerical analysis, leading to a reduction factor for equations solving the water inflow, in order to avoid overestimation. This paper is divided in two sections: the first section presents analytical solutions and numerical methods specific to the modelling of the discharge rate, drawdown and ground settlement produced by tunnel excavation and proposes a reduction factor accounting for effective stress. The second section provides a field example.
Analytical and Numerical Methods

Analytical Solutions
There is a wide range of analytical formulas for solving the discharge rate drained by a tunnel. Goodman et al. (1965) presented a seminal steady state solution:
where the symbols stand for hydraulic conductivity K, initial hydraulic head in tunnel H 0 (drawdown at the tunnel), tunnel depth d, tunnel length L, tunnel radius r 0 and discharge rate Q. If the tunnel is excavated through different geological zones, the total flow rate in the tunnel is obtained by the sum of each sector's discharge rate. Since then, other specific and practical formulas for the steady state case have been developed (Chisyaki 1984; El Tani 2003; Dematteis et al. 2005) . For example, in Eq. (1) the assumption of an infinite aquifer can be removed by limiting the flow rate in the tunnel to a maximum corresponding to the local recharge, or by multiplying the flow rate in the tunnel with a factor considering the lateral extension of the permeable sector (Dematteis et al. 2005) . Another possible improvement of Eq. (1) is to take into account the detailed geometry of the aquifer system, as shown in Fig. 3 (Dematteis et al. 2005) :
where a is the lateral spacing of the aquifer system perpendicular to the distance d between the tunnel and the surface via the aquifer (Fig. 3 ). When d is vertical and a tends to infinity, Eq. (2) equals Eq. (1). Concerning the transient state, Perrochet (2005a) proposed an analytical solution for the discharge rate produced during the excavation of a tunnel in an homogeneous formation, and subsequently expanded it to the heterogeneous case (Perrochet and Dematteis 2007) :
where for each tunnel sector i, t is the time, t i is the sector entry excavation time, H(u) is the Heaviside step-function, v i is the excavation speed, s 0 i is the drawdown at the tunnel, L i is the length over which the tunnel intersects the ith sector, x is the spatial coordinate along the tunnel axis with an origin at the entry of the permeable zone, and S s i is the specific storage coefficient. Using a geological oriented strategy of modelling, this transient solution reproduced satisfactorily the flow rate curve produced by the driving of the Modane/Villarodin-Bourget exploratory adit ( Fig. 1) , which was excavated by drill and blast. In general, analytical formulas solving for the flow rate in a tunnel (Goodman et al. 1965; Chisyaki 1984; El Tani 2003; Perrochet 2005a; Perrochet and Dematteis 2007) are accurate and rapidly provide first estimations and sensitivity analysis. However, these formulas neglect the dependency of permeability on effective stress and tend to overestimation when depths/effective stress become significant. To avoid overestimation, one approach consists in multiplying the calculated flow rates in a tunnel with a reduction factor, considering the dependency of hydraulic conductivity on effective stress.
Effective Stress Consideration for Deep Tunnels
Karl Terzaghi (1923) revealed that at a given depth, the effective stress state of a geological saturated material results from the total stress state lowered by the fluid pressure (one-dimensional form):
where r 0 zz is the vertical effective stress, r zz is the vertical stress, a B is the Biot-Willis coefficient and p is the fluid pressure. If the fluid is water, then p ¼ q w gh; where q w is the water density, g is the gravitational acceleration and h is the pressure head.
Hydrogeological parameters, e.g., hydraulic conductivity, porosity and specific storage coefficient, depend on the effective stress. This has been clearly identified by laboratory tests (Louis 1969; Walsh 1981; Tsang and Witherspoon 1981; Durham 1997; Hopkins 2000) , field tests (Cappa 2006; Schweisinger et al. 2009 ), field measurements (Lombardi 1988; Rutqvist and Stephansson 1996; Zangerl et al. 2003) and analytical developments (Kim and Parizek 1999; Preisig et al. 2012a ). The increase in effective stress results in decreasing hydrogeological parameters. In fractured stiff rock masses, these relationships have a dominant elastic reversible behaviour (Hansmann et al. 2012) , and are well approximated by mathematical functions of the exponential type (Louis 1969; Preisig et al. 2012a) . In unconsolidated materials, especially in clays and silts, at high effective stresses these relationships become plastic and irreversible (Galloway and Burbey 2011) .
From Eq. (4) it follows that a change in effective stress can result from (1) a variation in total stress and/or (2) a change in fluid pressure. Concerning underground excavations, an increase in total stress can occur with increasing depth, and a drop in water pressure occurs because of tunnel drainage. However, it is important to note that the increase in total stress with depth does not always occur, because, depending on the principal stress orientation, the water pressure conditions, the Poisson's ratio effect and the geometry of aquifer structures (fractures/faults orientation), significant hydraulic conductivities can be found even at great depths (Masset and Loew 2010) .
This permeability dependency on effective stress can not be directly introduced in formulas for tunnel drainage, because the permeability varies differently at each point of the aquifer. However, a reduction factor can be estimated by means of analytical or numerical analysis, and used to correct the calculated water flow rate in a tunnel, thereby avoiding overestimation.
Analytical Reduction Factor
Perrochet (2004) developed an analytical reduction factor, based on the water pressure-dependent fracture hydraulic aperture of Louis (1969) . By combining this latter model function with the classical cubic law, he obtained a pressure-dependent hydraulic conductivity K(h):
where K 0 is the hydraulic conductivity prior to a change in pressure head h, h 0 is the initial pressure head state, and b is a coefficient characterising the elastic resistance of fractures to compression. This parameter is linked to the elastic rock modulus E s by: b ¼ q w g=/=E s ; where / is rock porosity. Considering Eq. (5) results in the non-linear steady groundwater flow equation:
where H is the hydraulic head and z is the elevation potential. The flow rate in a tunnel Q red obtained with Eq. (6) can be compared to that obtained with the linear form of the groundwater flow equation Q 0 :
where a is the reduction factor. For any geometry and boundary conditions, it was shown (Perrochet 2004 ) that the reduction factor can be derived directly from a Kirchhoff transform of Eq. (5) as:
For a tunnel with an initial pressure head of h 0 = 1,000 m and with b = 0.001 1/m, Eq. (8) yields a reduction factor of 0.32.
The major advantage of Eq. (8) is the development from sound analytical principles. The main limitation is the neglection of the role of total stress on hydraulic conductivity reduction.
Numerical Reduction Factor
By considering the model function relating effective stress to fracture permeability proposed by Preisig et al. (2012a) and introducing it in a numerical simulator, it is possible to simulate groundwater flow rates in a tunnel taking into account or not effective stress-dependent permeabilities. The reduction factor is then calculated by the relation:
The elastic model proposed by Preisig et al. (2012a) is:
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where K is the hydraulic conductivity, K 0 is the no stress hydraulic conductivity, r 0 0 is the fracture closure effective stress, and n is a coefficient. This coefficient can be related to the statistical distribution of the fracture asperities, described in detail in (Preisig et al. 2012a ). For a fracture characterised by many large asperities: 1 \ n \ 3.1, and for a fracture characterised by small asperities: 3.1 \ n \ 9. Eq. (9) allows considering the principal stress acting on the compressed asperities, and the water pressure in the fracture porosity:
where q r is the rock mass density, n x , n y , n z are the components of the unit vector n normal to the fracture plane, and Z is the depth. The k coefficient is the ratio of horizontal to vertical stress: k = r h /r v . For an isotropic elastic compressible rock and in the absence of tectonic, erosional or post-glacial stress, horizontal stresses are driven by vertical stress. In such a case, k depends on the Poisson's ratio m: k = m/(1 -m).
Here follows a quantification example of the reduction factor for a tunnel excavated into a vertical fault zone.
Theoretically, a vertical fault filled with water can be able to support a horizontal stress having a closing behaviour. As stated above, in the absence of tectonic, erosional or post-glacial stresses, the horizontal stress r h = r xx = r yy acting perpendicularly onto the fracture plane, results from the vertical stress (overburden) r v = r zz multiplied by the k coefficient:
In crystalline fractured rocks, m is of the order 0.25, which implies a k of 0.33. If the pressure head h in the fracture equals the depth Z, it follows that water pressure equals the horizontal stress, because q w & q r k, and effective stress is close to zero. This equilibrium state results in a vertical fault being open even at great depths (Fig. 4) . A tunnel excavation through the fracture causes a sudden water pressure decrease, and consequently a rapid decrease of the fracture hydraulic conductivity and of the discharge rate into the underground structure.
To highlight the reduction of the flow rate in a tunnel, several finite element numerical simulations have been realised for a tunnel excavated into a vertical fault at different depths. The numerical simulations are performed with no effective stress-dependent hydraulic conductivities and with effective stress-dependent ones. The fault is discretised by a vertical section of 3,000 9 3,000 m 2 , with a tunnel of 10 9 10 m 2 . For the different simulations, the initial pressure head h in the tunnel (tunnel depth) varies from 300 to 2,700 m, at intervals of 300 m. A constant hydraulic head of H = 3,000 m is specified at the domain top, while lateral and bottom boundaries are impervious. Finally, a constant atmospheric pressure is assigned in the tunnel, with a hydraulic head H that matches the tunnel elevation z: H = z = 3,000-Z. The initial head in the fault is at hydrostatic conditions. The right part of summarises the boundary conditions and geometrical configurations used in the analysis.
The fracture presents a no stress hydraulic conductivity K 0 of 10 -4 m/s, and the host rock is considered as an unaltered granite with standard values of: q r = 3000 kg/m 3 , r 0 ¼ 3:5 Â 10 10 Pa, and n = 9. In granitic rocks the k coefficient generally matches 0.33, which implies the above explained initial equilibrium. For this analysis, three k values are tested: k = 0.33, k = 1.00 (horizontal stresses correspond to the vertical ones), and k = 3.00 (horizontal stresses are three times stronger than the vertical stress). The latter is possible in the presence of tectonic stresses or in areas that have been glaciated, such as in orogenic belts as measured in Mayeur and Fabre (1999) . Note that, in the absence of horizontal stresses k = 0.00, there is no effective stress reduction and the vertical fracture preserves a constant permeability, despite the water pressure decrease.
Simulations are carried out in steady and transient states. For the transient analysis the fracture effective stressdependent specific storage coefficient proposed by Preisig et al. (2012a) is used:
where the symbols stand for specific storage coefficient S s , rock matrix specific storage coefficient S sm , fracture specific storage coefficient S sf and fracture specific storage coefficient S sf 0 under no stress conditions. In the analysis, S s corresponds to 10 -8 m -1 at no stress. Transient simulations are achieved with two types of boundary conditions on the domain surface: (1) constant atmospheric pressure (H = z), such as in the steady state case, and (2) no-flow condition. This latter condition implies the emptying of the fracture under tunnel drainage, as it happens when an underground excavation intersects an aquifer without a recharge zone or very weakly recharged.
Results and Discussion
As expected, flow rates in tunnels simulated with constant fault permeability are greater than those modelled with effective stress-dependent hydraulic conductivity, and increases with increasing initial pressure head at the tunnel location. On the contrary, with effective stress-dependent fracture hydraulic conductivity, the computed flow rate in the tunnel tends to stabilise despite increasing tunnel initial head (depth). This is due to the decrease of fracture permeability with the increase of effective stress caused by the tunnel drainage, and the subsequent fracture depressurisation and closure, especially for the case with horizontal stresses three times greater than vertical stress (k = 3). Figure 5 compares the simulated steady discharge rates into the tunnel, and shows the reduction coefficient a = Q red /Q 0 as a function of initial pressure head in the tunnel.
With k equal to 0.33, the a coefficient varies from 0.32 for 300 m of initial head in the tunnel to 0.21 for 2,700 m of initial head in the tunnel, and the mean is 0.25. This slight decrease is due to the increase of horizontal stress with depth. These values correlate fairly well with the analytical reduction factor proposed by Perrochet (2004) . With k increasing from 1 to 3, the reduction factor decreases, due to the magnitude of horizontal stresses.
In the transient state, the reduction already starts when the excavation intersects the fracture. The value of the reduction is comparable to that obtained in the steady state and remains relatively constant during transient drainage. For the case with constant atmospheric pressure at the surface, simulated discharge rates and reduction factors stabilise to values calculated at steady state conditions. For the case with no flow conditions at the surface, the fracture is emptied. This total drainage is much slower with effective stress-dependent hydraulic conductivity.
The numerical analysis highlights the influence of principal stresses on the reduction factor. If stresses are negligible, the decrease in hydraulic conductivity depends only on the decrease in water pressures. In such a case, the value of the reduction factor is similar to those obtained with Eq. (8). When principal stresses become significant, the reduction coefficient decreases, especially in case of horizontal stresses greater than vertical stresses. The reduction coefficient also applies in transient conditions. Given its magnitude, this reduction should be considered in deep tunnels, beyond the post-glacial decompression shallow zone.
Coupling Discharge Rate in a Tunnel to Aquifer Consolidation
The consolidation of an aquifer intersected by a tunnel is a subtle process, especially in stiff rock masses. However, it can be detected by detailed geodetic measurements such as differential leveling, GPS or InSAR methods (Galloway and Burbey 2011) . Despite the low magnitude of the phenomenon, a few tens of centimeters, differential consolidations can lead to very dangerous ground settlements. The abnormal behaviour of the Zeuzier arch dam (Switzerland) during the excavation of the Rawyl exploratory tunnel in 1978/1979 is a well known case study (Lombardi 1988; Schneider 1982) . The amount of ground settlement is directly linked to two principal parameters: (1) the compressibility of the aquifer and (2) the magnitude of the drawdown. Indirectly, it is also related to the flow rate in tunnel (Table 1) .
Using an alternative approach, Perrochet (2005b) suggests that the effect of drawdown s(r, t) vanishes beyond a no-flow moving boundary located at the time-dependent radial distance r = R(t): 
where the symbols stand for drawdown at the tunnel s 0 , radial coordinate r and tunnel radius r 0 . The no-flow moving boundary R(t) is found to be (Barbosa 2009, Personal Communication):
where the dimensionless time a t is:
and where T is the transmissivity, t is the time, and S is the storage coefficient. A constant or a no-flow boundary can be added on Eq. (13) using the image method. Considering Eq. (13) and integrating over the tunnel circumference, yields the tunnel discharge rate Q: Bonzanigo (1999) This latter equation constitutes the basis formula for the development of Eq. (3) (Perrochet and Dematteis 2007) .
Using Eq. (13) and considering the classical aquifersystem consolidation theory proposed by Jacob (1940; 1950) , a transient ground settlement DV z ðx; tÞ is obtained by expressing the drawdown in Cartesian coordinates (origin at the surface above the tunnel) and by a vertical integration of the drawdown cone (Fig. 6 
where C v is the aquifer compressibility expressed as: C v = q w g/E s , E s is the aquifer elasticity, and z t (x, t) and z b (x, t) are the top and the bottom elevation coordinates of the drawdown cone for the coordinate x and time t, respectively. Note that, for fractured rock masses the elasticity of water acting in fractures can be neglected because of the very low values of the rock mass porosity: in general \0.02. In such a case, the aquifer elasticity can be assumed equivalent to the rock elasticity. Eq. (17) computes the transient settlement in an infinite domain due to the tunnel drainage. In reality, aquifers are finite and the consolidation stops when the drawdown reaches the system boundaries. In such a case, the transient settlement of Eq. (17) must end when it reaches the maximum possible value DV z max :
where e is aquifer thickness. Because of tunnel drainage, the horizontal strain can be obtained by a horizontal integration of Eq. (17) from the tunnel axis to the drawdown cone boundary, and taking into account the Poisson's ratio effect.
Numerical Methods
A numerical groundwater flow model is a simplified version of: (1) a real aquifer, (2) the physical processes that take place within it, and (3) the aquifer's external solicitations (Bear and Cheng 2010) . The tunnel excavation is the external solicitation. Below some generalities are discussed on the treatment of tunnels in 3D numerical simulations of groundwater flow and aquifer deformation.
As mentioned in Molinero et al. (2002) , a tunnel can be introduced in a boundary value problem as a time-varying inner boundary. According to a time function describing the excavation progression, tunnel nodes become active as Dirichlet boundary conditions at constant atmospheric pressure (elevation head). This approach does not need the use of moving grids to simulate the advancing of the tunnel front, and consequently, it is not computationally demanding or time consuming, which is important in regional models. However, this method implies the presence of the tunnel as an inactive hole in the mesh since the start of the calculation.
For deep tunnels, effective stresses can be considered by combining stress-dependent functionals with the groundwater flow equation, as proposed by (Preisig et al. 2012a) :
where Kðr 0 Þ is the effective stress-dependent hydraulic conductivity tensor, and S s (r 0 ) is the ''storage'' defined in Eq. (12).
The pressure head distributions resulting from the groundwater flow model can then be used to compute aquifer consolidation and ground subsidence. In this work, aquifer consolidation is computed following the modelling strategy proposed in (Preisig et al. 2012b ).
Field Example: The La Praz Exploratory Tunnel
The La Praz exploratory tunnel is located in the French Western Alps (Maurienne Valley), and is part of the geological investigations undertaken by the Lyon-Turin railway project for the 57 km basis tunnel. From a tectonic point of view, this exploratory adit is situated in the ''Zone Houillère Briançonnaise'', which in this area is composed of fractured meta-sedimentary sandy schist. The tunnel was entirely excavated in this formation by drill and blast (Fig. 7) . The first 900 m of the tunnel were excavated in the zone affected by post-glacial decompression, resulting in a permeable shallow fracture network (fractured sandy schists) (Dematteis et al. 2005) . Then, the tunnel entered in the deeper zone of the mountain (unaltered sandy schists). The saturated zone was reached approximatively at a distance of 100 m from the tunnel portal. From this point, hydraulic heads before excavation increase because the tunnel gets deeper relative to both the topographic surface and the water table. The maximum tunnel depth and hydraulic head above the tunnel were 790-800 and 500 m, respectively. The average overburden (tunnel depth) is about 600 m (Fig. 7c) .
During the excavation phase, the monitored data were the water inflow at the tunnel front, the total water inflow in the tunnel and the excavation progression. These data approximately cover the excavation period (1,100 days) corresponding to a progression of 2,500 m. Note that, the measure of total water inflow began only after the first water inflow. The monitoring network also includes several observation wells, geodetic points and springs (Fig. 7a, b) .
The discharge rates in the tunnel indicate that the La Praz exploratory adit was excavated through an unconfined permeable shallow sector (decompression zone), before entering a deeper semipervious sector, where the rock mass permeability decreases because of (1) the diminution of fracture occurrence, and (2) the decrease of fracture permeability due to the increase of effective stress. Tunnel drainage caused an important water table drawdown, observed in wells. However, tunnel drainage did not completely empty the slope system, indicating active recharge from the nearby mountains. The water table decline resulted in a ground settlement of about 5 cm along the tunnel axis (Dzikowski and Villemin 2009 ).
Analytical Simulations
On the basis of the conceptual model presented above, and following the modelling strategy proposed in Perrochet and Dematteis (2007) , the transient discharge rate drained during the excavation of the La Praz exploratory tunnel is simulated using Eq. (3). In a first model, the tunnel is separated into three sectors: an unsaturated sector, a saturated permeable sector representing the fractured sandy schists and a saturated semipervious sector representing the unaltered sandy schists. Sector lengths are estimated from the cross section of Fig. 7c , the excavation times are provided (green line of Fig. 7b ), allowing to calculate the excavation speed for each sector.
In a second model, the tunnel is also separated into three principal zones according to the geology, but each zone is refined in order to correctly simulate the observed peaks (total of 16 sectors). The drawdown at the tunnel is estimated from the tunnel depth and the piezometric level measured at the observation wells. The analytical formula, Eq. (3), is calibrated using the measured water flow rates in the La Praz tunnel, by varying the hydraulic conductivity and the specific storage coefficient (Table 2; Fig. 8a) . The calibrated hydraulic conductivities are then introduced into Eq. (2) in order to compute the steady water flow rate in tunnel (with H 0 = d, a ! 1). From an initial head in the tunnel greater than 100 m, the calculated steady discharge rates are multiplied with the reduction factors calculated with Eq. (8) (b = 0.001), or with those estimated from Fig. 5b for k = 0.33 (Table 2 ). The tunnel radius is 4.5 m.
The water table drawdown and the ground settlement are simulated using Eqs. (13), and (17) for a cross section perpendicular to the tunnel axis at the penetration distance of 900 m. This distance corresponds to the contact between the weathered and the unaltered sandy schist. The available data of two observation points can be used for the calibration: the observation well F71 and the geodetic point GPS8bis (Fig. 7a) . For the settlement problem, only the consolidation of the fractured zone is considered. In such a case, the aquifer thickness in Eq. (18) corresponds to the thickness of the weathered sandy schist. The results of the analytical drawdown and ground settlement are presented in Fig. 8b , and the parametric values are shown in Table 3 .
Discussion
The formulas used in the analysis rapidly and correctly reproduce the discharge rate, drawdown and ground settlement generated by the excavation of the La Praz exploratory tunnel.
Sectors Geology
As expected, the model 1 with three sectors is not able to accurately capture each flow rate pattern. However, this simple strategy allows good approximation of the general shape of the curve, and reproduces the essential features of the process. The detailed model can reproduce the observed flow spikes, but it is less coherent relative to its hydrodynamical parametrisation. In steady state calculations, the use of the reduction coefficient decreases the water inflow by a factor of 2 or 3, especially in deep sectors. The decrease is greater using the reduction coefficient in Fig. 5b , because, both the increase of total stress and the decrease of water pressure are taken into account. The use of this coefficient allows analytical formulas to be more realistic, in particular for deep tunnels. Unfortunately, due to the absence of long term field measurements, calculated steady flow rates cannot be compared with real observed values.
The analytical simulations of the drawdown and the ground settlement successfully reproduce the theoretical water table and ground surface depression cone induced by the opening of the tunnel (Fig. 8b) . Moreover, the simulated values are in the same range of those observed in the field. A major disadvantage regarding the presented formulas is that they are constructed for an infinite domain. Also, in field applications, it is hard to define the aquifer boundaries, especially for the settlement problem. One approach consists in considering the base of the tunnel as the system bottom, neglecting the drawdown and the deformations below the tunnel.
Numerical Simulations
From the conceptual model presented above, a groundwater and a consolidation finite element model is constructed in order to reproduce the discharge rate, the water table decline and the ground settlement produced by the excavation of the La Praz exploratory tunnel. The 3D model discretisation respects the local topography and geology presented in Fig. 7 (Fig. 9) . The before-mentioned conceptualisation of the rock mass, i.e., a permeable shallow sector, and a deeper semipervious sector, is reproduced using a contrast of hydraulic conductivities. As measured in Mayeur and Fabre (1999) for the North slope of the Arc Valley, vertical stresses correspond to the weight of the overburden. Both principal horizontal stresses are set 1.5 times higher than the vertical stresses; this condition applies well to orogenic and formerly glaciated areas, such as the Alps.
As reported earlier, groundwater flow occurs from the upstream area of the mountain slope towards the valley bottom. To reproduce the initial shape of the water table (before tunnel excavation), a steady state groundwater flow model is realised by specifying constant hydraulic heads along the upstream and downstream boundaries of the (1) the system is symmetric, and (2) the time is relative to the tunnel opening at 900 m Table 3 Parametric values used in transient simulations of the drawdown and the ground settlement generated by the tunnel opening at the distance of 900 m model, approximately matching the topographic elevation (Fig. 9a) . The model is calibrated using the pre-tunnel measured hydraulic heads, by varying the components of the hydraulic conductivity tensor (Table 4) . Tunnel excavation is then modelled. The tunnel is discretised as a cylinder of radius 4.5 m, following the trace shown in Fig. 7 , and representing an inactivated hole in the mesh at the initial state. The excavation progression is simulated according to the recorded excavation data of Fig. 7b , by successively activating tunnel nodes as atmospheric Dirichlet boundaries (Fig. 9b) . The calibrated hydraulic conductivity, and the hydraulic heads calculated Table 4 Parametric and geologic information used in the numerical models with the steady state model before tunnel excavation, are introduced as input. In this transient analysis, hydrogeological parameters are considered as stress-dependent. The temporal evolution of the simulated inflows and water table drawdown can be seen in Fig. 10 . Finally, the rock mass consolidation, ground settlement, caused by the tunnel drainage is computed using the simulated pressure head distributions before and after tunnel perturbation (Fig. 9c) . The problem is solved using the deformation equations proposed by Preisig et al. (2012a, b) , based on the assumptions that aquifers deform elastically, the principal stresses do not change with water depletion and the consolidation only results from fractures porosity closure. The calibrated parameters are shown in Table 4 , where / 0 is the no stress porosity of the rock mass.
The detailed 3D finite element model of Fig. 9 respecting the topography and geology of the La Praz area, and the 3D tunnel trajectory was constructed and generated using the mesh generator software GMSH (Geuzaine and Remacle 2009). The groundwater flow and rock consolidation models were computed using the multipurpose Ground Water (GW) finite element software (Cornaton 2007) .
Discussion
Groundwater inflow in tunnel and the ground settlement are well reproduced by the numerical analysis (Fig. 10a, c) . On the contrary, at observation wells, simulated hydraulic heads and drawdowns do not satisfactorily reproduce the observed values (Fig. 10b ). This is due to the upstream hydraulic boundary condition used in the model, which is considered to be constant. In reality the upstream hydraulic heads have also to be modified with time and excavation progression.
As anticipated, the numerical analysis has been time consuming, especially during (1) the discretisation of the tunnel in the 3D finite element mesh, and (2) the calibration phase.
Conclusion
This work has focused on quantitative tools specific to the problem of groundwater inflow and related mechanisms during and after tunnel excavation. Three major hydrogeological issues are related to tunneling: (1) transient and steady inflow rates in tunnels due to the drainage of surrounding aquifers, (2) water table decline leading to the drying up of springs, and (3) consolidation of the aquifer (related to the water table decline) leading to ground settlement. All of these processes can be correctly reproduced by analytical solutions or by numerical simulation.
It has been shown that both approaches capture the main hydrogeological processes, and can be used as predictive tools. However, in practice, the use of numerical models is limited because (1) the method is time consuming and (2) of the difficulty to introduce tunnels in large scale, geologically oriented 3D meshes. Moreover, at a regional scale 3D geological models usually have a low reliability. Analytical formulas require simplifications of aquifer structures and of the groundwater flow system, but are able to reproduce the governing mechanisms. Based on the geological and hydrogeological information along and perpendicular to the tunnel axis, the presented analytical solutions lead to rapid first estimations of the transient and steady discharge rates produced by a tunnel, as well as of water table decline and associated ground settlement, as demonstrated in the La Praz field example. The reduction factor allows overall consideration of the impact of effective stress on hydrogeological parameters, in particular on hydraulic conductivity, and improves the accuracy of standard equations. This factor should be used in the analysis of groundwater inflow in deep tunnels.
